Abstract: Electrospinning is a popular process for fabricating submicron diameter bers. The process applies a strong electric eld to launch a polymer jet that elongates to create the ne bers. The jet dries as the solvent evaporates and the dried ber collects on a grounded surface. Most of electrospinning literatures focus the polymer solution compositions and the properties of the produced bers. Less attention is applied to the electrostatic eld geometries and operating conditions. Through computer simulations and laboratory experiments this work shows that by applying the grounded voltage to di erent regions of the collector surface, the electric eld can be moved spatially to direct the electrospinning jets towards select locations of the grounded surface.
Introduction
Electrospinning is a simple, inexpensive and versatile method for producing ne bers [1] . Much of recent literature has focused on the experimental conditions for spinning a wide range of polymer materials into bers. Empirically a number of parameters have been investigated for determining appropriate conditions for electrospinning to occur. Theoretical models have been proposed but the process remains di cult to accurately predict due to the large number of controlling parameters. Thompson et al. [2] numerically investigated the e ects of thirteen major parameters, assuming a simple rectilinear electrostatic eld, and concluded that the distance between nozzle and collector, initial jet radius, volumetric charge density, relaxation time, and elongational viscosity exerted the greatest impact. Simulations of the electrospinning process with laboratory experiments validated the relative importance of the parameters [3] .
Many commercial methods are available for manufacture of polymeric bers, including melt spinning, solution spinning and gel state spinning. Most of these methods produce bers with diameters ranging from submicron to micron and for most the average ber diameters are greater than one micron [4] [5] [6] . Electrospinning is one of the few methods for producing bers mostly in the submicron range, with average diameters typically in the 100-300 nm range. With careful control of the process electrospun bers can be produced with diameters as small as a few nanometers [7] .
The basic laboratory setup of an electrospinning process shown in Figure 1 is relative simple. A polymer solution is pumped from a syringe through a tube to an electrically charged metallic nozzle. A drop of polymer solution forms at the tip of the nozzle. The high voltage electrostatic charge causes a polymer jet to launch towards a grounded collector surface [1, 8] .
Theoretical and numerical models have been applied to study the electrospinning process and how to design the setup. Arayanarakul et al. [9] explored the in uence of the electric eld on the quality of ber and Y. Li, X. Zhang, E. Trudick, G.G. Chase: E-mail: gchase@uakron.edu concluded that an increased applied electric voltage and higher solution electric conductivity contributed to a more uniform ber size distribution.
A variety of setup con gurations have been explored regarding the formation or delivery of polymer droplets from which the jets launch, the use of auxiliary electrodes cements for control of the jet path, and grounded collector con gurations for producing mats with aligned bers and for increased production rates [10] [11] [12] [13] [14] . A review by Teo and Ramakrishna [15] discusses di erent electrospinning setup designs and techniques of manipulating the electrostatic eld with the aid of auxiliary electrodes. Studies by Niu et al. [16] reveals that geometric di erences of spinnerets and collectors, including cylinders, discs, coils and spheres, result in a considerable variance in electric eld intensity pro les.
Viswanadam et al. [17] compared the experimentally observed path of a single jet with the numerically calculated current density lines of the applied electrostatic eld and showed correspondence between the eld and jet path trajectories. In a similar experimental and numerical comparison Shin et al. [18] showed manipulation was possible of the paths of an array of jets launched from multiple vertical rods. The numerically predicted path of the electric current density vectors corresponded with the experimentally observed jet paths and was successfully applied to direct the electrospun bers to the desired location of the grounded collector.
While much of literature has focused on the experimental conditions for spinning bers and improving production rates, much less attention has been given to the control of the spun ber mat properties, such as mat uniformity or nonuniformity. In this work the electric eld is manipulated by spatially varying the potential of the collector surface to cause the jet to move in space. This approach can allow one to control the uniformity or nonuniformity of the properties of the ber mat by controlling the location and time of deposition of the center of mass of the electrospun bers.
Material and methods . Materials
Poly (ethylene oxide) (PEO, Scienti c Polymer Products, Inc, Ontario, NY) was dissolved in deionized water to make solutions with polymer concentration of 8% by weight. The mixture sat unstirred for 48 hours at room temperature prior to electrospinning.
. Experimental Setup
A schematic of the experimental setup and a photograph are shown in Figure 2 . The polymer solution was loaded in a metallic cone (ie., nozzle) with a tiny hole at the tip, located at the top of the setup. The collector surface at the bottom of the setup comprised of nine square brass plates (13 cm × 13 cm) arranged in a 3 × 3 grid. The plates were electrically isolated from each other. Four of the plates were selected and covered with four pieces of craft paper that were inspected after the experiment to determine the mass of collected bers as function of position. The individual plates were either grounded (zero charge potential) or were allowed to electrically oat [19] (i.e. the electric potential of the plates depended on the cumulative charge picked up from the prevailing electric eld). A possible variant on the experiment, not considered with this present work, would be to charge to the ungrounded plates to a xed non-zero potential value.
The nozzle was located 25 cm above the plane of the collector grid. The nozzle was charged to 20 kV and the polymer solution was electrospun for 20 minutes for each experimental run. 
. Characterization
A scanning electron microscope (SEM, TM3000, Hitachi, Japan) was used to observe the morphologies of the electrospun bers. SEM images containing about 150 bers in total were analyzed using the FibraQuant 1.3 software (nanoSca old Technologies, LLC, Chapel Hill, NC) to measure the ber diameter distributions and to determine the averaged ber diameter.
Theoretical background
The electric eld between the electrically charged nozzle and the grounded collector surface was assumed to be static and to have uniform properties for each con guration. The e ects of the charges carried by the moving polymer jet were assumed to be negligible due to the low mass of polymer in the eld and slow motion of the jet relative to the speed of electrons. Gauss's Law (conservation of electrical charge) [20] relates the electric current density to the net electrical charges in a system. For uniform properties in an electrostatic system this reduces to a zero gradient of current density vector j , with units of amperes per square meter.
The current density is related to potential gradient as
where Φ is the electric potential and σ is the electrical conductivity of the medium. Considering the medium conductivity σ to be constant, Eq. (1) and (2) combine to the form as Laplace's equation of the potential
In the experiments the steel nozzle and the brass plates of the 3 × 3 grid collector surface had large electrical conductivities of 8.96e Siemens/m and 1.62e Siemens/m respectively. The air had a small electrical conductivity of 8e − Siemens/m. The nozzle was set to a large potential (20 kV) while the grounded brass plates were set to a zero potential. The highest possible eld gradient, between the nozzle and the center plate positioned 25 cm from the nozzle (20 kV/25 cm = 0.8 kV/cm), was signi cantly less than the dielectric breakdown voltage of air (about 30 kV/cm) [21] , hence the electrical breakdown of air was not considered in the simulation.
Numerical simulation
Due to the geometric complexity a nite element method was applied to numerically calculate the 3D potential eld using FlexPDE, a Finite Element software package (PDE Solutions Inc., WA). The coupled sets of partial di erential equations are calculated in the software as discretized equations at the mesh nodes via Galerkin Finite Element method. The software implemented a modi ed Newton-Raphson iteration algorithm to nd a numerical solution to the equations until a convergence was reached while the unstructured spatial and temporal numerical grids were automatically adapted to improve the accuracy of the solution.
The dynamic adaptive-grid technique is embedded in the toolkit of the software [22, 23] . FlexPDE used preprogrammed algorithms to optimize the number of nodes to increase the speed of the calculations while maintaining solution accuracy. Fast convergence to reduce the computational time was achieved via parallel computing with multiple threads. The electrospinning setup in Figure 2 was simulated as a 3-dimensional box. The outer surfaces of the box were simulated as insulating surfaces (zero gradient in the potential) assuming that features external to the box were far enough distant that they did not a ect the electric eld in the box. The oating plates were modeled as insulated surfaces. The potentials of the nozzle and the grounded plates were set at xed values of 20 kV and 0 respectively.
The overall 3 dimensional simulation consisted of three layers, the bottom layer was a void space lled with air, the middle layer had the metal nozzle as the jet source, and the top layer was an air layer. The plane at the bottom surface of bottom layer was positioned as z=Z1 (0 m). The interface plane between void space layer and nozzle layer was at position z = Z2 (0.25 m), similarly, the plane adjoining the nozzle layer and top air layer was at position z = Z3 (0.27 m). The nozzle and array of collector plates were positioned symmetrically relative to the x-y coordinates of the box. The 3 × 3 array of brass plates was square with side length L = 0.43 m. Each plate was square with side length s = 0.13 m.
Through comparison of calculated results it was determined that the solution space in the x-y directions needed external dimensions of L × L so as to be su ciently large to neglect any boundary e ects or impact from outside the modeling space. Also, the upper surface of the top layer was varied until it was determined that the top surface positioned at z=Z4 (0.4 m) resulted in negligible e ects of the Z4 position on the calculated electric eld. The cone shaped nozzle was modeled as a 2 cm long cylinder 0.4 cm in diameter. The nozzle was much smaller than the overall computational domain and the e ect of the di erence between the conical and cylindrical shapes on the overall calculation results was negligible; whereas programming the model with the cylindrical nozzle simpli ed the setup e ort and reduced complications to the grid mesh due to the small dimension of the point of the cone.
Results and discussion . Fiber characterization
The purpose of the electrospinning setups in Figures 1 and 2 are to produce submicron sized bers. The setup in Fig. 2 allows manipulation of the electric eld and is the subject of the computational model. To verify that the variations in the electric eld did not alter the production of the bers, SEM images of the bers were evaluated. The images showed the electrospun PEO bers from the physical setup appeared to be smooth with no beads, as shown in the sample SEM image in Figure 4 . In all of the experiments discussed below the electrospun bers had diameters in the 100 to 400 nm range. Figure 5 shows a typical ber diameter distribution calculated for the bers in the images. The average ber diameter was about 220 nm. 
. Simulated Electrospinning eld
Six di erent grounded plate con gurations were simulated and compared experimentally. For each experiment certain plates (center, sides, or corners) were intentionally grounded while the remaining plates oated. The experimental con gurations are listed in Table 1 . Among the 9 plates, there were 1 center plate, 4 side plates, and 4 corner plates. Due to symmetry of the array, 1 side plate, 1 corner plate, and the center plate were selected to evaluate the six con gurations listed in Table 1 . 
. . Single grounded plate con gurations
In the rst case, the corner plate was grounded and the remaining plates oated. The simulated electrostatic eld is presented in Fig. 6 (A-B) in terms of electric potential on the Y=0 and Z=Z1 planes. The colored scale bar on the right side indicates the intensity of potential. The plot shows that the grounded plate had the zero electric potential whereas the surrounding blocks had higher voltages.
The plots of current density vectors give a straightforward visualization of the distribution and intensity of the electric eld over an X-Y plane at speci ed Z positions. To observe the distributions over the 3-D solution space, multiple horizontal planes at selected Z positions are plotted in Fig. 7 . The sequence of plots clearly shows the current density vectors follow the trend of pointing towards the bottom left corner where grounded plate is positioned at z=Z1 (Z1=0m). Since the electrostatic current ux in Z direction plays a dominant role in guiding the electrospun jet to the target area, a row of contour plots indicating the intensity of current vector j z are presented in Fig. 8 at several selected Z positions.
The colored scale bars indicate the electric potential or current intensity on the left side of each plot. The j z vectors point against the positive direction of Z axis, hence they are reported as negative values in the scale bar. It is observed that the intensity of the j z vector component shifts from the center of solution box towards the bottom left corner plate of the grounded surface. This is consistent with trend of current density lines in x-y plane. Therefore, the combined information from Fig. 7 and Fig. 8 , allows the 3-D trajectory of the electric eld to be deduced. Figure 9 shows a summary of the results for this con guration. Fig. 9 -B and Fig. 9 -E exhibit the simulation results in terms of current density vectors j x , j y on z=Z1 plane and contour plot j z , also on z=Z1 plane. The yellow-orange colored pattern shown in Fig. 9 E is the result of the scaling of the values in the contour plot by FlexPDE. The uctuations in the current density in the contour plot fall within the range of ± . × − Amp/m which re ects zero current ux jz on z=Z1 plane out of the grounded plate zone. This clari cation applies to the similar patterns seen in subsequent gures as well. The thick black arrows are manually inserted in the plots to highlight the directions of vectors j x j y which give rise to a joint tendency of electric ux pointing to the corner grounded plate. Fig. 9 -C shows the electric potential pro le on z=Z1 plane. The dashed black line bounded square indicates the total size of nine-plate experimental setup located in the center of entire model domain. The white dashed line indicates the diagonal line of the square, specifying a view plane as Y=X. In Fig. 9 -D, the current density vectors of j z and √ j x + √ j y on the cross-sectional plane Y=X are shown from the height in the vicinity of nozzle to the surface of collector plates. Bold black arrows are added to highlight the prevailing path of current density lines. Finally, a sketch of travelling route of electrospun jet is shown in Fig.9 -F with grounded plate speci ed. In general, the experimental bers collected at the most intense ux points on the grounded surface.
For comparison, the grounded center plate con guration is considered next. The group of vector plots in Fig. 10 show the directional change of current density vectors with the descent of height along Z axis. By evaluating the colored arrows from top left graph to bottom right, a switch in direction of the vectors from outwards to inwards occurs between the Z=0.6*Z2 and Z=0.5*Z2 planes. Furthermore, when the plane approaches z=Z1, the current density vectors become intense around the grounded plate which infers that the eld is strongest in this region and the electrospinning jets should concentrate here. Analogous to the discussion of Fig. 9 , the experiment outcome is summarized in Fig. 11 for the grounded center plate con guration. Fig. 11-A, shows the electrospun nano bers deposited on the central grounded plate as indicated by the white arrows. As expected, the electrospinning jets followed the current density vectors indicated in Fig. 11-B to the central plate. Fig. 11 -C shows the corresponding potential eld on the z=Z1 plane is symmetric to the central plate. Fig. 11-D shows the vectors from the nozzle to the collector on the plane indicated by the 1-2 line in Fig. 11 -C. The contour plot in Fig. 11 -E shows the j z component magnitudes which indicate the highest intensity on the central plate. Fig. 11-F shows a 3D sketch of the setup.
For the grounded side plate con guration, the summary is shown in Fig. 12 . By analogous interpretation of the experimental and simulation results, as expected, the bers collected on the grounded side plate. The bers did not collect in the center of the grounded plate but collected on the edge of the plate corresponding to the shortest path between the nozzle and the closest edge of the grounded plate.
. . Dual grounded plates con gurations
To explore the combinatorial e ect of grounded plates, the simulation was performed to investigate how the electric eld changed when two plates were grounded in combinations center-corner, center-side, and corner-side blocks. From the summary in Figure 13 , it is evident from Fig. 13 -A that more bers collected on the side grounded plate than on the corner grounded plate. The inset image gives a magni ed picture of ber collection on two plates along with the bers spanning the gap between the plates. The current density vectors j x , j y in Fig. 13-B shows a higher magnitude of electric intensity around the edge of side grounded plate than that of corner plate, which coincides with the observation from experiment. The electric potential pro le on the z=Z1 plane is shown in Fig. 11-C and line 1-2 indicating the location of the x-z plane at Y= −0.1075 to view the vector plot. The black arrows highlight the prevailing route of the current density vectors. In Fig. 13 -E, current density lines in Z direction j z are indicated in a contour plot with their magnitude considerably higher than the surrounding area which implies the current ux primarily went towards the two grounded plates. The sketch in Fig. 13-F illustrates the electrospinning setup. Similar results for the other two con gurations are shown in Fig. 14 and Fig. 15 . In Fig. 14 the inset images provide magni ed views of where the bers were collected. In center-corner con guration, it was observed that the trends of colored arrows are in opposite directions at the vertices of two plates which in uenced the unusual deposition of bers onto the two plates with most bers collecting on the center plate and a concentration of bers spanning the gap between the corners of the two plates.
In Fig. 15 very few bers spanned between the central and side grounded plates (too few to observe with the camera image). Consistent with the simulation of the current density vectors, the bers collected on the two grounded plates.
Interpretations of ner details from the plots and simulation results, such as why the collected bers form bridges across the plates or why the bers concentrated on the edges and not on the center of the plates, and so forth, should be approached with caution. The calculated eld density lines only provide information regarding the electrostatic eld of the system while neglecting the presence of the bers. The physics of the real system is much more complicated, in part due to the polymer jet carrying charge [2] . The best expectation from these simulations is to identify the direction of the movement of the center of mass of the polymer jet which may be useful in many applications. The ner movements of the electrospinning jet require a more advanced simulation.
In summary, the simulations of the static electric elds provided information on the 3D directions of the current density vectors. The electrospinning jets tended to follow the prevailing direction of the current density vectors for each of the con gurations for which plates at di erent locations were grounded with zero potential. The collected ber mats varied spatially. The array of plates of the collector surface were separated by an air gap and in some of the con gurations the collected bers spanned across the gaps between the plates. Six con gurations were considered, three with single grounded plates and three with dual grounded plates.
This work only considered plates of one size. Future work should consider variations in plate size, larger array of plates, and perhaps other geometric con gurations.
Conclusions
A 3-dimensional numerical model was successfully applied using by FlexPDE software to simulate the electrostatic eld in an electrospinning process in the production of submicron and nanoscale sized bers. The grounded surface in the experiments was fabricated of an array of metal plates that could be independently grounded to control the location of the grounded plate. Images of the collected bers show the collection of bers moved with the grounded plate. The computational model of the electrical eld showed that the current density vector similarly moved with the grounded plate showing correspondence of the movement of the electrospinning jet with the movement of the current density vector.
The electrospinning jet tended to follow the shortest path to the ground and as a result the collected bers tended to collect near the edge of the grounded plate closest to the nozzle. Then two adjacent plates were grounded the collected bers tended to span across the gap between the plates.
Experimental results con rmed that changing the location of the ground had a signi cant impact on the location of the deposited bers. This approach has potential for controlling the fabrication of electrospun ber mats with variation of the mat properties with position.
The electrostatic model ignores the e ect of the presence of the bers on the electrostatic eld. Also, the model does not predict the local path of the electrospinning jet nor the speci c locations of the individual bers on the collected surface. The model does show the trend in the location of the center of mass of the collected bers.
